SummaryMitochondrial dysfunction has been described in inflammatory bowel disease. Systemic delivery of P110, a drug designed to prevent fragmentation of the mitochondrial network, significantly reduced the severity of disease (eg, clinical signs, histopathology, and pain) in murine models of colitis.

Perturbed gut function can occur in response to mitochondrial dysfunction.[@bib1]^,^[@bib2] Analyses of colitis in mice and epithelial cell culture models of barrier function have provided mechanistic underpinnings for how perturbed mitochondrial activity can contribute to enteric inflammation.[@bib3], [@bib4], [@bib5], [@bib6], [@bib7], [@bib8] Furthermore, abnormal mitochondrial ultrastructure, reduced levels of adenosine triphosphate (ATP) synthase, antioxidants, and Kreb's cycle enzymes, as well as increased oxidative stress have been observed in colonic biopsies from patients with inflammatory bowel disease (IBD).[@bib9], [@bib10], [@bib11], [@bib12] Indeed, a focus on epithelial mitochondrial dysfunction is compatible with the consensus on IBD etiology; disease occurs in genetically susceptible individuals by hyperactive immune responses triggered by environmental stimuli involving the gut microbiota.[@bib13] In this context, mitochondria are important in the regulation of epithelial permeability,[@bib14] and infection with bacterial pathogens can impair mitochondrial function.[@bib15]^,^[@bib16] Ulcerative colitis has been suggested as a disease of energy deficiency,[@bib17] and in accordance, recent transcriptomic analysis revealed a mitochondriopathy in ulcerative colitis.[@bib18]

Mitochondria exist as a network that is constantly remodelling by the processes of fusion and fission that is critical to cellular homeostasis.[@bib19] Fusion facilitates subcellular targeting of ATP and reactive oxygen species (ROS) and equalizes the distribution of proteins, metabolites, and mitochondrial DNA throughout the network.[@bib20] Fission allows for mitochondrial partitioning during cell division and the removal of damaged segments of mitochondria by mitophagy; excessive fragmentation of the network can be a stimulus for apoptosis.[@bib21] The guanosine triphosphatase (GTPase) dynamin family members, dynamin-related protein 1 (Drp1) and optic atrophy factor 1 (OPA1), are major players in mitochondrial fission and fusion, respectively.[@bib19] Imbalanced mitochondrial dynamics play a role in many pathologic conditions including neurodegenerative disease, heart disease, metabolic syndrome, and cancer.[@bib22]^,^[@bib23] All of the aforementioned conditions have an inflammatory component, and yet mitochondrial dynamics are unstudied in the context of enteric inflammation. Furthermore, blocking excessive fission has proven beneficial in animal models of myocardial infarction, pulmonary arterial hypertension, ischemic-reperfusion injury, multiple sclerosis, and Huntington's disease.[@bib23], [@bib24], [@bib25]

Consequently, we hypothesized that excessive mitochondrial fission would contribute to the pathogenesis of colitis, potentially by resulting in reduced barrier function and reduced viability of the epithelium. After uncovering evidence for altered mitochondrial dynamics in tissues from mice with colitis, systemic administration of a selective inhibitor of fission, P110 (inhibits Drp1 binding to mitochondrial fission 1 protein \[Fis1\])[@bib25] reduced disease severity in dextran sodium sulfate (DSS)- or dinitrobenzene sulfonic acid (DNBS)-treated mice. Furthermore, DSS induced fragmentation of macrophage and gut epithelial mitochondria in vitro, and the accompanying reduction in bioenergetics in the latter was partially abrogated by co-treatment with P110. These data suggest that perturbed mitochondrial dynamics in enterocytes and macrophages could be a component of enteric inflammatory disease, and that reducing mitochondrial dysfunction due to excessive fragmentation could promote intestinal homeostasis in individuals who show evidence of enhanced mitochondrial fission.

Results {#sec1}
=======

Quantitative Polymerase Chain Reaction Indicates Altered Expression of Mitochondrial Dynamics Molecules in Colitis {#sec1.1}
------------------------------------------------------------------------------------------------------------------

Quantitative polymerase chain reaction (qPCR) on murine colonic tissue revealed increased expression of mRNA for Drp1, Fis1, OPA1, mitofusin (MFN) 1, and MFN2 by 5 days after exposure to DSS ([Figure 1](#fig1){ref-type="fig"}*A--E*). Immunoblotting revealed an increase in phospho-Ser616 Drp1 (a stimulus for Drp1 to translocate to mitochondria) in tissue extracts from mice treated with DSS for 5 days ([Figure 1](#fig1){ref-type="fig"}*F* and *G*).Figure 1**Colitis evokes increased expression of mRNA of molecules that regulate mitochondrial dynamics.** (*A--E*) qPCR performed on segments of colonic tissue from DSS (5%) treated male BALB/c mice revealed increased expression of Drp1, mitochondrial Fis1, OPA1, and MFN1 and MFN2 mRNA (data normalized to18S rRNA as a housekeeping gene \[HSG\]). Expression levels in each tissue extract were compared with the mean of the control group that was set at 1 (∗*P* \< .05 compared with control; one-way analysis of variance, Dunnett multiple comparison test). (*F*) Densitometric analysis for phosphorylated Drp1 (p-Drp1 Ser616):total Drp1 ration normalized to actin in murine colonic extracts (day 5, 5% DSS), with (*G*) illustrating a representative immunoblot (mean ± standard error of the mean; ∗*P* \< .05, *t* test) (*each dot* represents an individual mouse).

Systemic Administration of P110 Reduces Disease Severity in Murine Models of Colitis {#sec1.2}
------------------------------------------------------------------------------------

P110 is a selective inhibitor of Drp1-Fis1 driven mitochondrial fission.[@bib24] P110 (1 μmol/L) activity was confirmed in vitro by its ability to reduce Drp1 recruitment to mitochondria and ROS generation by carbonyl cyanide m-chlorophenyl hydrazine (10 μmol/L) treatment of T84 epithelial cells (data not shown; n = 4). Mice treated with the TAT protein only (data not shown) or P110 only ([Figure 2](#fig2){ref-type="fig"}) showed no signs of ill health, whereas DSS-treated mice had shortened colons, increased macroscopic disease scores, increased colonic transit time, and histopathology (ie, loss of architecture, goblet cell depletion, inflammatory cell infiltration, and ulceration) ([Figure 2](#fig2){ref-type="fig"}). Macroscopic disease scores were reduced by ∼50% in the DSS + P110 group compared with DSS ([Figure 2](#fig2){ref-type="fig"}*B*), and mice receiving P110 had a longer colon and colonic transit time not different from control mice ([Figure 2](#fig2){ref-type="fig"}*C* and *D*). In contrast, colonic histopathology was not appreciably different between DSS- and DSS + P110--treated mice ([Figure 2](#fig2){ref-type="fig"}*E*). Bacterial dysbiosis occurred in DSS-treated mice, and this was unaffected by co-treatment with P110 ([Table 1](#tbl1){ref-type="table"}, [Figure 3](#fig3){ref-type="fig"}).Figure 2**Systemic administration of P110 reduces severity of DSS-induced colitis.** (*A*) Male BALB/c mice were given 5% DSS drinking water for 5 days, followed by 3-day water recovery phase ± daily P110 (intraperitonal; 3 mg/kg) as shown. On necropsy, (*B*) macroscopic disease activity scores were calculated, (*C*) colon length was measured, and (*D*) just before necropsy, colonic motility was assessed in anesthetized animals (s, seconds). (*E*) Histopathology scoring was performed on H&E stained sections of mid-colon in a blinded fashion (mean ± standard error of the mean; n = 8--21 mice from 2 to 5 experiments; ∗*P* \< .05 compared with control, \#*P* \< .05 compared with DSS; (*B* and *E*) Kruksal-Wallis and then Dunn multiple comparison test; (*C* and *D*) one-way analysis of variance and then Tukey multiple comparison test.Table 1Analysis of Fecal/Cecal Bacterial Composition in Dextran Sodium Sulfate--Treated Mice ± Systematic Treatment With the P110 Inhibitor of Mitochondrial FissionTreatmentControlP110DSSDSS + P110Bacteroides6.54 ± 0.086.64 ± 0.076.77 ± 0.08[a](#tbl1fna){ref-type="table-fn"}6.80 ± 0.07[a](#tbl1fna){ref-type="table-fn"}*Clostridium coccoides* (cluster XIV)6.50 ± 0.096.50 ± 0.066.22 ± 0.09[a](#tbl1fna){ref-type="table-fn"}6.25 ± 0.08[a](#tbl1fna){ref-type="table-fn"}*Clostridium leptum* (cluster IV)5.71 ± 0.065.78 ± 0.805.22 ± 0.10[a](#tbl1fna){ref-type="table-fn"}5.23 ± 0.06[a](#tbl1fna){ref-type="table-fn"}*Clostridium* cluster XI1.68 ± 0.061.33 ± 0.081.53 ± 0.081.50 ± 0.16*Clostridium* cluster I1.50 ± 0.111.51 ± 0.101.08 ± 0.15[a](#tbl1fna){ref-type="table-fn"}0.97 ± 0.10[a](#tbl1fna){ref-type="table-fn"}*Roseburia hominis*2.75 ± 0.192.81 ± 0.311.38 ± 0.08[a](#tbl1fna){ref-type="table-fn"}1.35 ± 0.04[a](#tbl1fna){ref-type="table-fn"}*Faecalibacterium prausnitzii*3.68 ± 0.193.87 ± 0.302.30 ± 0.08[a](#tbl1fna){ref-type="table-fn"}2.29 ± 0.04[a](#tbl1fna){ref-type="table-fn"}*Lactobacillus* spp.1.76 ± 0.081.78 ± 0.121.51 ± 0.09[a](#tbl1fna){ref-type="table-fn"}1.56 ± 0.09[a](#tbl1fna){ref-type="table-fn"}*Bifidobacterium* spp.3.63 ± 0.083.79 ± 0.043.54 ± 0.09[a](#tbl1fna){ref-type="table-fn"}3.49 ± 0.08[a](#tbl1fna){ref-type="table-fn"}*Methanobrevibacter* spp.2.02 ± 0.111.95 ± 0.051.94 ± 0.081.88 ± 0.11Enterobacteriacea2.15 ± 0.112.17 ± 0.101.74 ± 0.15[a](#tbl1fna){ref-type="table-fn"}1.63 ± 0.10[a](#tbl1fna){ref-type="table-fn"}*Akkermansia muciniphila*1.72 ± 0.182.02 ± 0.101.57 ± 0.251.41 ± 0.19[^2][^3]Figure 3**P110 treatment does not correct DSS-induced dysbiosis.** To discern changes to the bacterial population caused by DSS ± P110 ([Figure 2](#fig2){ref-type="fig"}), total DNA was extracted from fecal/cecal samples and analyzed with qPCR for 16S rRNA copy number. Data were assessed by Metaboanalyst 4.0, and principal component analysis (PCA) was plotted. *Each dot* represents data from an individual animal, and *area outlined in corresponding color* depicts the 95% confidence region. P110 only did not alter bacterial composition as compared with control and did not affect dysbiosis caused by DSS.

Treatment of BALB/c mice with DNBS resulted in severe colitis, with ∼21% of mice (5/24) reaching a predetermined ill health endpoint requiring euthanasia ([Figure 4](#fig4){ref-type="fig"}*A* and *B*). Systemic delivery of P110 in a prophylactic regimen resulted in less weight loss ([Figure 4](#fig4){ref-type="fig"}*C*), with only 1 mouse of 27 (1%) requiring euthanasia ([Figure 4](#fig4){ref-type="fig"}*B*). Similarly, the P110-treated mice had longer colons and lower disease activity scores compared with DNBS-only treated mice ([Figure 4](#fig4){ref-type="fig"}*D* and *E*). Mice treated with DNBS + P110 had significantly less colonic histopathology, displaying improved architecture and crypt morphology and reduced inflammatory cell infiltrate ([Figure 4](#fig4){ref-type="fig"}*F* and *G*). Positive deoxyuride-5′-triphosphate biotin nick end labeling (TUNEL) staining mirrored the damage observed on H&E sections, with numerous dead cells (and debris) throughout sections from DNBS-treated mice and less so in the DNBS + P110 group ([Figure 4](#fig4){ref-type="fig"}*G*). Assessment of epithelial proliferation revealed Ki67^+^ cells toward the base of crypts in control tissue, and this extended further up the crypt in sections from DNBS + P110--treated mice, likely reflecting ongoing tissue regeneration/recovery after the pro-colitic stimulus ([Figure 4](#fig4){ref-type="fig"}*G*). Colon from DNBS-treated mice had increased granulocyte-macrophage colony-stimulating factor (GM-CSF), interleukin (IL) 6, and tumor necrosis factor (TNF)α protein, the levels of which were lower in colon from DNBS + P110--treated mice ([Figure 5](#fig5){ref-type="fig"}*A*). In addition, P110 treatment improved gut barrier function as assessed by lumen-to-blood movement of fluorescein isothiocyanate--dextran, whereas detection of aerobic bacteria in liver and splenic extracts was only observed in the DNBS group of mice ([Figure 5](#fig5){ref-type="fig"}*B*).Figure 4**Prophylactic administration of P110 reduces severity of DNBS-induced colitis.** Male BALB/c mice were treated with DNBS (3 mg, intrarectal) ± P110 (intraperitoneal, 3 mg/kg) as shown in (A). (*B*) and (*C*) Numbers of mice requiring humane euthanasia because of disease severity and daily weight change, respectively. On necropsy, colon length was measured (*D*), macroscopic disease score was calculated (*E*), and a piece of mid-colon was processed for H&E staining and assessment of histopathology in a blinded fashion (*F*) (mean ± standard error of the mean; n = 11--27 mice from 3 to 6 experiments). (*G*) Representative histologic images of the colon stained with H&E, an antibody against the proliferation-associated antigen, Ki67, and the TUNEL assay for apoptosis (n = 9--11 mice, 2 experiments; *m*, muscle; *c*, crypt; *l*, lumen; ∗, inflammatory cell infiltrate; *arrowhead*, dead cells; scale bar = 50 μm) (∗*P* \< .05 compared with control, \#*P* \< .05 compared with DNBS; (*C*) and (*D*) one-way analysis of variance and then Tukey multiple comparison test; (*E*) and (*F*) Kruksal-Wallis and then Dunn multiple comparison test.Figure 5**Prophylactic administration of P110 reduces the DNBS-induced increases in gut permeability.** (*A*) Male BALB/c mice were treated as in [Figure 4](#fig4){ref-type="fig"}*A*, and on necropsy ∼1-cm pieces of mid-colon were extracted and cytokines were measured (n = 5--6). (*B*) In other mice, gut permeability was assessed by lumen-to-serum movement of fluorescein isothiocyanate--dextran (4 kDa) and number of mice positive (and bacterial colony-forming units) for bacterial anaerobic culture from liver and spleen (n = 9--11 mice, 2 experiments) (∗*P* \< .05 compared with control, \#*P* \< .05 compared with DNBS; one-way analysis of variance and then Tukey multiple comparison test; DNBS at 3 mg, intrarectal; P110 at 3 mg/kg, intraperitoneal).

DNBS-colitis spontaneously resolves, and by 7 days after treatment, mice display normal behavior and milder colitis.[@bib26] Using P110 in a treatment regimen ([Figure 6](#fig6){ref-type="fig"}*A*) resulted in improved disease recovery; none of the treated animals required euthanasia ([Figure 6](#fig6){ref-type="fig"}*B*), weight loss was reduced ([Figure 6](#fig6){ref-type="fig"}*C*), colons were longer, and macroscopic disease scores were lower ([Figure 6](#fig6){ref-type="fig"}*D* and *E*) than in DNBS-only treated mice. Histologic analysis showed normal morphology in sections from control mice, with some TUNEL^+^ cells in the apical epithelium and Ki67 staining restricted to the base of crypts ([Figure 6](#fig6){ref-type="fig"}*G*). Colon from DNBS-treated mice was characterized by focal ulceration, inflammatory cell infiltrate, and patches of deranged crypt structure and increased TUNEL staining in the epithelium, mucosa, and into the submucosa; Ki67 staining was dispersed throughout areas of tissue damage ([Figure 6](#fig6){ref-type="fig"}*G*). In terms of histopathology, cell death (TUNEL^+^), and proliferation (ie, Ki67^+^), tissues from DNBS + P110--treated mice displayed less damage than DNBS-only treated mice and evidence of crypt elongation and increased Ki67^+^ cells suggestive of tissue regeneration. Comparable with P110 used in the prophylactic regimen, GM-CSF, IL6, and TNFα protein levels were reduced in colon from mice treated with DNBS + P110 as a treatment compared with DNBS-only treated mice ([Figure 7](#fig7){ref-type="fig"}*A*). Consistent with other studies,[@bib27] colonic distention to 60 mm Hg pressure had only a minimal effect in control male BALB/c mice. In contrast, mice displayed an obvious hyperalgesia at distention pressures of 45 and 60 mm Hg at 7 days after DNBS, and this was completely abrogated by P110 treatment ([Figure 7](#fig7){ref-type="fig"}*B*).Figure 6**P110 in a treatment protocol reduces the severity of DNBS-induced colitis.** (*A*) Male BALB/c mice were treated with DNBS (3 mg, intrarectal) ± P110 (intraperitoneal, 3 mg/kg). (*B*) and (*C*) Numbers of mice requiring humane euthanasia because of disease severity and daily weight change, respectively. On necropsy, colon length was measured (*D*), macroscopic disease score was calculated (*E*), and a piece of mid-colon was processed for H&E staining and assessment of histopathology in a blinded fashion (*F*). (*G*) Representative histologic images of the colon stained with H&E, an antibody against the proliferation-associated antigen, Ki67, and the TUNEL assay for apoptosis (*m*, muscle; *c*, crypt; *l*, lumen; *arrowhead*, dead cells; scale bar = 50 μm) (mean ± standard error of the mean; n = 7--11 mice from 2 experiments; ∗*P* \< .05 compared with control); (*C*) and (*D*) one-way analysis of variance and then Tukey multiple comparison test; (*E*) and (*F*) Kruksal-Wallis and then Dunn multiple comparison test.Figure 7**P110 in a treatment protocol reduces colonic cytokine levels and pain perception in DNBS-treated mice.** (*A*) Male BALB/c mice were treated as in [Figure 6](#fig6){ref-type="fig"}*A*, and on necropsy ∼1-cm pieces of mid-colon were extracted and cytokines were measured (n = 5--6; ∗*P* \< .5 compared with control). (*B*) Treatment regimen (*left*) and the hyperalgesia response recorded in DNBS-treated mice with colonic distention of 45 and 60 mm Hg pressure that was prevented by P110 co-treatment (n = 10--13 mice, 2 experiments); (†*P* \< .05 compared with DNBS only; Kruksal-Wallis and then Dunn multiple comparison test; DNBS at 3 mg intrarectal; P110 at 3 mg/kg intraperitoneal).

Analysis of blood smears revealed an increase in neutrophils in DSS- or DNBS-treated mice, and this was unaffected by P110 (data not shown, n = 8).

P110 Blocks Dextran Sodium Sulfate--Induced Mitochondrial Changes in Epithelial Cells and Macrophages {#sec1.3}
-----------------------------------------------------------------------------------------------------

Consistent with previous reports,[@bib6]^,^[@bib28] 2% DSS (24 hours) reduced viability of in vitro cultured epithelial cells as determined by trypan blue exclusion, and this was not affected by P110 co-treatment ([Figure 8](#fig8){ref-type="fig"}*A*). However, the reduced alamarBlue metabolism in DSS-treated cells, indicating reduced nicotinamide adenine dinucleotide (NAD) concentration, was abrogated by P110 co-treatment ([Figure 8](#fig8){ref-type="fig"}*B*), suggesting that the surviving cells were healthier with increased NAD production compared with DSS-only treated enterocytes.Figure 8**Treatment with P110 reduced DSS-induced epithelial and macrophage mitochondrial fragmentation.** (*A*) DSS (2%, 24 hours) applied to cells of the murine IEC^4.1^ epithelial cell line is cytotoxic as gauged by increased trypan blue staining that is not affected by P110 (1.5 μmol/L) co-treatment, whereas the reduced mitochondrial activity (alamarBlue cleavage indicating reduced nicotinamide adenine dinucleotide concentration) caused by DSS was blocked by P110 (*B*). Mitochondrial networks (representative images shown in (*C*) \[epithelial\] and (*D*) \[macrophage\]) were quantified in the murine small intestinal epithelial IEC 4.1 cell line and murine bone marrow--derived macrophages (*E*) and designated as predominantly fused, fragmented, or intermediate (20 cells from each epithelial or macrophage preparation was assessed) (data are mean ± standard error of the mean; n = 6 epithelial and n = 4 macrophage preparations; ∗*P* \< .05 compared with control, \#*P* \< .05 compared with DSS, two-way analysis of variance, Tukey multiple comparison test).

DSS-treated epithelia had an increased percentage of cells with a highly fragmented mitochondrial network, and P110 partially abrogated this effect, resulting in a significant increase in epithelial cells with a mitochondrial network intermediate between fused and fragmented ([Figure 8](#fig8){ref-type="fig"}*C* and *E*). Similarly, P110 largely abrogated the mitochondrial fragmentation in bone marrow--derived macrophages treated with 1% DSS for 24 hours ([Figure 8](#fig8){ref-type="fig"}*D* and *E*) (when treated with 2% DSS, macrophages lost adherence, and those remaining were small and rounded).

To examine the functional impact of P110 on mitochondrial bioenergetics, the oxygen consumption rates of saturating concentrations of specific substrates were assessed after 24 hours of exposure to DSS. Analysis of basal respiration revealed DSS impaired respiration in intestinal epithelial cell (IEC) 4.1 epithelia, which was partially restored with P110 treatment ([Figure 9](#fig9){ref-type="fig"}*A*). Stimulation of electron transport chain complexes I, II, and IV demonstrated that co-treatment with DSS + P110 increased complex IV activity ([Figure 9](#fig9){ref-type="fig"}*B--D*). Trends toward reduced mitochondrial capacity in complex I and II in DSS-treated cells were also noted and less so with DSS + P110--treated cells. Epithelial fatty acid oxidation with both short-chain (butyrate) and long-chain fatty acid (palmitate) revealed impairments with DSS that were abrogated by P110 ([Figure 9](#fig9){ref-type="fig"}*E* and *F*). These findings show significant metabolic stress in DSS-treated epithelia, and that the perturbed bioenergetics were relieved at least in part by treatment with P110.Figure 9**P110 mitigates DSS-induced epithelial mitochondrial respiration defects.** Mitochondrial-specific O~2~ flux in control, P110 (1.5 μmol/L, 24 hours), and DSS (2%, 24 hours) ± P110 in IEC 4.1 cells was determined in the Oxygraph-2k. (*A*) Changes in oxygen flux are shown for basal respiration of intact cells after permeabilization (Basal), (*B--D*) for mitochondrial electron transfer chain complexes (CI, CII, CIV), and (*E* and *F*) for short-chain (SCFA, butyrate) and long-chain (LCFA, palmitate) fatty acid oxidation. Data are mean ± standard error of the mean; n = 6--9, epithelial preparations from 2 to 3 experiments; ∗*P* \< .05 compared with control; \#*P* \< .05 compared with DSS; one-way analysis of variance and then Tukey multiple comparison test.

P110 Does Not Affect Dextran Sodium Sulfate--Evoked Increased Paracellular Epithelial Permeability In Vitro {#sec1.4}
-----------------------------------------------------------------------------------------------------------

Twenty-four hours and 48 hours after exposure to 2% DSS, T84 cell monolayer transepithelial electrical resistance (TER) was reduced by ∼20% and ∼60%, respectively. This reduction in TER was unaffected by co-treatment with P110 (n = 10 monolayers from 3 experiments; data not shown). However, the early drop in TER was prevented by co-treatment with the pan-caspase inhibitor Z-VAD, which also reduced the barrier defect observed at 48 hours after treatment (TER: DSS, 64.5% ± 5% (n = 10) vs DSS + ZVAD, 80% ± 10% (n = 6) of pretreatment values; mean ± standard error of the mean; starting TERs were 1000--2000 Ω^**.**^cm^2^).

Inhibitors of Mitochondrial Fission Do Not Affect Dextran Sodium Sulfate or Lipopolysaccharide-Evoked Cytokine Production {#sec1.5}
-------------------------------------------------------------------------------------------------------------------------

Epithelia treated with DSS showed a trend toward decreased keratinocyte chemoattractant production, whereas macrophages displayed only small increases in TNFα and IL10 on in vitro exposure to DSS. These responses were not significantly affected by co-treatment with inhibitors of fission, except for a small increase in IL10 output from 1% DSS + P110--treated macrophages compared with DSS alone ([Table 2](#tbl2){ref-type="table"}). Lipopolysaccharide (LPS)-stimulated cytokine production was unaffected by co-treatment with P110 ([Table 2](#tbl2){ref-type="table"}).Table 2Epithelial and Macrophage Cytokine Response to Dextran Sodium Sulfate In Vitro ± Inhibitors of Mitochondrial FragmentationEpithelial KCMacrophage TNFαMacrophage IL10Control215 ± 25bd8 ± 5P110 (1.5 μmol/L)282 ± 15bd7 ± 4Mdivi1 (5 μmol/L)265 ± 24ndndLeflunomide (50 μmol/L)241 ± 33ndnd1% DSS117 ± 1212 ± 258 ± 21% DSS + P11099 ± 34 ± 286 ± 5[a](#tbl2fna){ref-type="table-fn"}1% DSS + Mdivi158 ± 3ndnd1% DSS + leflunomide79 ± 12ndnd2% DSS137 ± 5328 ± 2013 ± 82% DSS + P110199 ± 4933 ± 248 ± 52% DSS + Mdivi1154 ± 63ndnd2% DSS + leflunomide59 ± 19ndndLPS (10 ng/mL)3527 ± 1871740 ± 3541114 ± 112LPS + P1103424 ± 4272280 ± 4501037 ± 176[^4][^5][^6]

Discussion {#sec2}
==========

Tremendous advances have been made in treating IBD, yet many patients are or become refractory to biologic therapy, the gold standard therapy[@bib29]; hence there is the imperative to explore novel targets to treat IBD. A body of data demonstrates perturbed mitochondrial activity in IBD, and mitochondrial malfunction can result in gastrointestinal symptoms.[@bib30] However, the role that dysfunctional mitochondria in the enteric epithelium, or other gut cells, plays in the pathophysiology of IBD is unclear. A few studies suggest that targeting mitochondria could be valuable in treating enteric inflammation.[@bib6]^,^[@bib18]^,^[@bib31], [@bib32], [@bib33]

Mitochondrial function has been described in murine models of colitis. Mitochondrial dysfunction in DSS-colitis is supported by subtle reductions in the mitochondria-specific voltage-dependent anion channel,[@bib6] lower tissue levels of ATP, and a less complex mitochondrial network.[@bib8] Also, mutation in the multidrug resistance 1 gene is a susceptibility trait for ulcerative colitis, and *mdr1*^*-/-*^ mice present with damaged epithelial mitochondria[@bib4] (as can tri-nitrobenzene sulfonic acid--treated rats[@bib34]). The "health" of the mitochondrial network is a key aspect of cellular homeostasis, where excessive fission or reduced fusion is implicated in many diseases.[@bib23] Exposure to DSS resulted in increased Drp1, Fis1, OPA1, MFN1, and MFN2 mRNA, and increases in phospho-Ser616 activated Drp1 in murine colonic tissue. This finding suggests perturbed mitochondrial dynamics in the colitic tissue. Future studies enabled by enhanced in situ imaging should assess epithelial mitochondrial network morphology in colonic tissue. These data beg the question whether use of an inhibitor of mitochondrial fission would be beneficial in enteric inflammation.

Pharmacologic options to block mitochondrial fission in vivo are limited. Mdivi1 blocks the GTPase activity of Drp1 but may have off-target effects related to oxidative phosphorylation and the suppression of ROS.[@bib35] The antirheumatic drug, leflunomide, blocks pyrimidine synthesis and was recently shown to antagonize mitochondrial fission by promoting fusion.[@bib36] The small peptide P110 is conjugated to the HIV-TAT protein to facilitate transduction into cells and was designed to block Fis1-Drp1 interaction, thus reducing fission.[@bib24] Because of increased Drp1 and Fis1 mRNA expression in DSS-treated mice, P110 was a rational choice to test for putative anti-colitic efficacy in animal models of colitis.

Systemic delivery of P110 significantly reduced the severity of murine colitis; the mice displayed fewer macroscopic signs of disease, colonic dysmotility was normalized, and in the DNBS model, improved gut barrier function and reduced colonic levels of GM-CSF, IL6, and TNFα were apparent. Moreover, only 1 of 35 mice (3%) treated with DNBS + P110 (data combined from treatment and prophylactic regimens) required humane euthanasia, whereas 8 of 35 (∼23%) DNBS-only treated mice developed severe illness requiring euthanasia. Visceral pain was assessed, and strikingly, the colonic hyperalgesia that characterized DNBS-colitis was absent in DNBS + P110--treated mice. Although this may reflect reduced inflammation in the colon, it is also compatible with a neuronal effect, which is compatible with the observation that P110 was effective in relieving the severity of disease in animal models of Huntington's disease.[@bib24]

Analyses of colonic histopathology revealed damage that was not significantly different between DSS and DSS + P110 groups; however, DNBS-treated mice had less severe histopathology compared with time-matched DNBS-only treated mice, when P110 was used in a prophylactic or a treatment strategy. Complete mucosal healing is the desired goal of therapy, but it is not unusual for patients to experience symptom relief and have endoscopic or histologic disease.[@bib37] Testing of novel therapies in mice can reveal macroscopic improvement concomitant with histopathology.[@bib38] Thus, although P110 has anti-colitic effects, reminiscent of its benefits in models of multiple sclerosis and cardiac dysfunction,[@bib39]^,^[@bib40] future studies are needed to determine whether greater mucosal healing can be achieved as a standalone or adjunct therapy in various models of colitis.

There are challenges in identifying the target cell(s) of an efficacious drug delivered systemically, and so a number of possibilities were pursued.

Microbial dysbiosis is a component of IBD[@bib13] and murine models of colitis.[@bib41] Fis1 is not expressed in bacteria, but considering the possibility of an off-target, antibacterial effect if P110 entered the gut lumen, assessment of the colonic microbiota was performed. The dysbiosis observed in DSS-treated mice was unaffected by P110 co-treatment. These data indicate that improvement in disease can occur in advance of correction or normalization of the gut microbiota. Furthermore, P110 treatment did not influence the DSS-evoked increase in circulating neutrophils or the levels of myeloperoxidase activity in tissue extracts (personal observation), suggesting that neutrophils were not the target for P110's anti-colitic effect.

Speculating on cell targets for P110, in vitro studies were performed with DSS that can be mucolytic and cytotoxic to the epithelium[@bib28]^,^[@bib42]^,^[@bib43] (DNBS' pro-colitic effect is by acting as a haptenizing agent). We confirmed the cytotoxic effect of DSS on a murine gut-derived epithelial cell line, and that DSS can reduce the barrier function of epithelial cell monolayers; neither effect was susceptible to P110 treatment. However, alamarBlue cleavage as an indicator of mitochondrial function suggested that viable enterocytes in the DSS + P110 group were healthier than DSS-only treated cells. In accordance, DSS evoked significant fragmentation of epithelial mitochondria, with corresponding aberrations in energy metabolism (eg, reduced β-oxidation) that were partially negated by P110 co-treatment. Reduced β-oxidation (eg, utilization of butyrate) has been described in ulcerative colitis[@bib44]^,^[@bib45] and was the basis for the hypothesis by Roediger[@bib17] on ulcerative colitis being an energy-deficient disease. Our in vitro data support the postulate that through the ability of P110 to block excessive mitochondrial fission, overall mitochondrial function is enhanced, contributing to reduced disease severity. Extrapolating to the murine models, although P110 did not prevent DSS-induced ulceration (but did in DNBS-treated mice), the surrounding tissue would be healthier, contributing to improvement in the macroscopic clinical signs of disease.

Enteric macrophages are heterogeneous; recently recruited monocytes convert to a macrophage that can drive inflammation, whereas resident macrophages and those of an alternatively activated phenotype promote tissue recovery after injury.[@bib46], [@bib47], [@bib48] DSS may activate macrophages,[@bib49] and the finding that DSS evoked mitochondrial network fragmentation in macrophages is novel. The P110 suppression of DSS-induced macrophage mitochondrial fission is compatible with perturbed macrophage mitochondrial dynamics contributing to DSS-colitis. However, suppression of mitochondrial fission in macrophages may reduce efferocytosis,[@bib50] a component of wound healing, and so further research is necessary to determine the functional consequences of altered macrophage mitochondrial dynamics in IBD.

Immunoneutralization of TNFα is therapeutic in patients. DSS (particularly with LPS) was shown to evoke TNFα from macrophages[@bib51]; however, here DSS had a minimal capacity to elicit TNFα or IL10 from murine bone marrow--derived macrophages, and LPS-induced production of these cytokines was unaffected by P110 co-treatment. Thus, we have no data supporting P110 regulation of macrophage-derived cytokine responses as a component of the anti-colitic effect, with the exception of a subtle increase in IL10 output from DSS + P110--treated macrophages. It is possible that a small local increase in IL10 evoked by P110 could aid in the suppression of colitis.

Another possibility is that P110 limited the severity of colitis by affecting nerves, and this would align with the absence of hyperalgesia in the DNBS + P110--treated mice. Furthermore, the normalization of colonic motility in P110 + DSS--treated mice is consistent with neuronal regulation, but this could also reflect overall improvement in the gut because of less disease. Neuronal contributions to inflammation and anti-inflammatory reflexes are well-described, and because of the therapeutic potential of P110 in neurologic disease,[@bib25] research efforts should be directed toward determining whether mitochondrial dynamics play a role in the hyperalgesia associated with gastrointestinal disease.

Conclusions {#sec3}
===========

Regulated by complex and coordinated processes, maintaining mitochondrial homeostasis is essential to cellular health. Given this, it is not unexpected that disrupted mitochondrial dynamics (ie, fission and fusion) are implicated in inflammation and the pathogenesis of many diseases. Despite this, there is a paucity of information on these key homeostatic processes in the normal intestine or during inflammation. Addressing this knowledge gap, data are presented to support increased mitochondrial fission as a component of enteric inflammation that can be pharmacologically targeted to reduce disease severity. We suggest that targeting mitochondrial fission is a significant departure from the pursuit of immunomodulators to treat IBD and may represent a novel therapeutic target for IBD management.

Materials and Methods {#sec4}
=====================

Ethical Consent {#sec4.1}
---------------

Animal experiments adhered to the Canadian guidelines on animal welfare as administered by the University of Calgary Animal Care Committee protocol AC13-0015.

Real-Time Quantitative Polymerase Chain Reaction {#sec4.2}
------------------------------------------------

Murine colonic tissue was placed in Ribozol (VWR, Radnor, PA), RNA was extracted, and cDNA synthesis was performed with iScript (Bio-Rad, Mississauga, ON, Canada). Assessment of Drp1, Fis1, OPA1, MFN1, MFN2, and 18S rRNA (used as a housekeeping gene) mRNA expression was performed in the Realplex Eppendorf Mastercycler using iQSYBER Green Supermix (Bio-Rad Laboratories, Hercules, CA) with 625 ng cDNA and the primers shown in [Table 3](#tbl3){ref-type="table"}. Resulting values were computed to SYBR green expression on the basis of a standard curve and normalized to 18S rRNA expression. No-template and no--reverse transcription negative controls were used, and melting curves were performed. Assays were performed in triplicate.Table 3Quantitative PCR Primer Sequences Used in This StudyGeneForward sequenceReverse sequenceMouse 18S rRNAACGCGCGCTACACTGACTGGCGATCCGAGGGCCTCACTAAACC Drp1CTGGATCACGGGACAAGGGTTGCCTGTTGTTGGTTCCT Fis1CCTGATTGATAAGGCCATGAAACAGCCAGTCCAATGAGTCC OPA1TGACAAACTTAAGGAGGCTGTGCATTGTGCTGAATAACCCTCAA MFN1GTGAGCTTCACCAGTGCAAAACACAGTCGAGCAAAAGTAGTGG MFN2CATTCTTGTGGTCGGAGGAGAAGGAGAGGGCGATGAGTCTEnteric bacteria Bacteroidetes *Bacteroides/Prevotella*TCCTACGGGAGGCAGCAGTCCGCACCCACTGTGTTGAFirmicutes *Clostridium coccoides (cluster (C) XIV)*ACTCCTACGGGAGGCAGCGCTTCTTAGTCARGTACCG *Clostridium leptum (C IV)*GCACAAGCAGTGGAGTCTTCCTCCGTTTGTCAA *Clostridium group (C I)*ATGCAAGTCGAGCGATGTATGCGGTATTAATCTYCCTTT *Clostridium group (C XI)*ACGCTACTTGAGGAGGAGAGCCGTAGCCTTTCACT *Lactobacillus*GAGGCAGCAGTAGGGAATCTTCGGCCAGTTACTACCTCTATCCTTCTT *Roseburia hominus*TACTGCATTGGAAACTGTCGCGGCACCGAAGAGCAAT[Actinobacteria]{.ul} *Bifidobacterium*CGCGTCYGGTGTGAAAGCCCCACATCCAGCATCCAArchaea *Methanobrevibacter*CTCACCGTCAGAATCGTTCCAGTCACTTGAGATCGGGAGAGGTTAGAGG[Proteobacteria]{.ul} *Enterobacteriaceae*CATTGACGTTACCCGCAGAAGCCTCTACGAGACTCAAGCTTGC[Verrucomicrobia]{.ul} *Akkermansia muciniphila*TCTTCGGAGGCGTTACACAGAGTTGATCTGGGCAGTCTCG

Murine fecal samples and cecal contents were collected, and total DNA was extracted from 250 mg fecal/cecal material.[@bib52] The 16S rRNA gene expression was determined with SYBR green using 20 ng/mL DNA and 0.3 μmol/L primers ([Table 3](#tbl3){ref-type="table"}), and copy numbers were calculated according to available methodology, <http://cels.uri.edu/gsc/cndna.html>. Standard curves were normalized to 16S rRNA by using reference strain genome size and 16S rRNA gene copy number values. Data are expressed as 16S rRNA gene copies/mg fecal/cecal material.[@bib53] Principal component analysis was used to compare the microbial signatures between the groups using MetaboAnalyst 4.0.

Induction and Assessment of Colitis {#sec4.3}
-----------------------------------

Colitis was induced in 7- to 9-week-old male BALB/c mice (Charles River Labs, Sherbrooke, QC, Canada) with DSS (5%, 40 kDa; Affymetrix, Santa Clara, CA) drinking water for 5 days, then 3 days normal water) or DNBS (3 mg, intrarectal, 72 hours).[@bib6]^,^[@bib49] Animals were weighed and observed daily and humanely killed if they lost \>20% weight. At necropsy, the colon was excised and measured, and a macroscopic disease score was calculated.[@bib6]^,^[@bib49] A portion of mid-colon was fixed and paraffin-embedded; sections were collected on coded slides and H&E stained; and histopathology was scored in a blinded fashion on a 0--12 scale.[@bib6]^,^[@bib49] Other sections were immunostained for the proliferation-related antigen Ki67 (1:400 dilution, Abcam ab15580; Abcam, Cambridge, UK), and apoptotic/death/DNA damaged cells were identified in the section by using TUNEL staining and following the manufacturer's recommendations (*In Situ* Cell Death Detection kit, TMR Red; Roche, Basel, Switzerland). P110 (a gift from Dr D. Mochly-Rosen, Stanford University) was administered daily (3 mg/kg, intraperitoneal),[@bib24] as depicted in the figures.

Additional 1-cm segments of distal colon were extracted and subjected to a 96-well multiple cytokine protein 14-plex assay in MESO QuickPlex SQ 120 (GM-CSF, interferon-γ, IL2, IL4, IL6, IL9, IL10, IL13, IL17A, IL17F, IL21, IL22, IL25, TNFα) following the manufacturer's instructions (Meso Scale Discovery, Rockville, MD). Data are presented as pg cytokine/10 mg colon tissue.

Peripheral Blood Cell Count {#sec4.4}
---------------------------

Blood smears were collected on coded slides and stained with Giemsa, and mononuclear cells, neutrophils, and eosinophils were counted.

Colonic Motility {#sec4.5}
----------------

A 2.5-mm glass bead was inserted 2 cm into the colon in an anesthetized mouse, and the time for the bead to appear at the anal verge/be expelled was recorded.[@bib54]

Visceral Hypersensitivity {#sec4.6}
-------------------------

The visceromotor response to colorectal distention was assessed as previously described.[@bib55] Two days before colorectal distention, mice were anesthetized, and electrodes were implanted bilaterally into the abdominal external oblique musculature (Bioflex AS-631; Cooner Wire, Chatsworth, CA). Electrodes were exteriorized at the back of the neck and protected by a plastic tube attached to the skin. After a 48-hour recovery, electrodes were connected to a Bio-Amplifier linked to an electromyogram acquisition system (ADInstruments, Colorado Springs, CO). A 10.5-mm-diameter balloon catheter (Fogarty arterial embolectomy catheter, 4F; Vygon, Écouen, France) was inserted into the rectum to a depth of 5 mm, and 10-second distentions were performed at 15--60 mm Hg pressure by inflating the balloon in a stepwise fashion with water (20, 40, 60, and 80 μL, respectively), with 5-minute rest intervals. The electromyographic activity of the abdominal muscles was recorded, and visceromotor responses were calculated by using LabChart 7 software (ADInstruments). Investigators were blinded to the treatment group.

Immunoblotting {#sec4.7}
--------------

Samples of mouse mid-colon were frozen and subsequently homogenized in protein lysis buffer, and protein was quantified by Bradford assay (Bio-Rad). Protein (60 μg) was loaded into a 12% agarose gel, transferred to a polyvinylidene difluoride membrane (0.2 μm pore size), and probed for p-Drp1 Ser616 (D9A1, 1:1000; Cell Signaling, Danvers, MA), Drp1 (ab56788, 1:2000; Abcam), and actin (sc-1616 1:1000; Santa Cruz Biotechnology, Santa Cruz, CA). After secondary antibody incubation, washing, and band detection, densitometric analysis was performed on inverted images on ImageJ software (NIH, Bethesda, MD).

Bone Marrow--Derived Macrophages {#sec4.8}
--------------------------------

Bone marrow was flushed from mouse femurs with RPMI 1640 medium (Sigma-Aldrich, St Louis, MO), sieved through a 100-μm cell strainer, and cultured for 7 days in RPMI containing 10% fetal bovine serum, 2% L-glutamine, 2% penicillin-streptomycin, 1% sodium pyruvate, and 20 ng/mL recombinant mouse M-CSF (R&D Systems Inc, Minneapolis, MN). Cells were rinsed in Dulbecco phosphate-buffered saline (MgCl~2~-, CaCl~2~-free), and the adherent macrophages were retrieved by using Versene and adjusted to 2.5 × 10^5^/mL.

Epithelial Cell Function {#sec4.9}
------------------------

### Viability {#sec4.9.1}

The murine IEC 4.1 intestinal epithelial cell line was cultured under standard conditions[@bib56] until ∼70% confluent by phase-contrast microscopy and treated with 2% DSS ± P110 (1.5 μmol/L, 45-minute pretreatment). Twenty-four hours later, cell viability was assessed by trypan blue dye exclusion.

### Mitochondrial function {#sec4.9.2}

IECs 4.1 (2 × 10^4^) were seeded into a 96-well plate, and 24 hours later they were treated with 2% DSS ± P110 (2.5 μmol/L 45-minute pretreatment, then 1.5 μmol/L). After 24-hour incubation at 37°C, alamarBlue (1/10 dilution) was added, and 5.5 hours later, recordings were taken at 550 nm (excitation) and 590 nm (emission) by using a SpectraMax i3 (Molecular Devices, San Jose, CA).[@bib57]

### Mitochondrial dynamics {#sec4.9.3}

Epithelial cells (5 × 10^5^) were seeded in 8-well chamber slides and stained live with MitoTracker Red CMXRos dye (50 nmol/L; ThermoFisher Scientific, Waltham, MA), followed by Hoescht dye (1 μg/mL; ThermoFisher), then treated with P110 (45 minutes, 2.5 μmol/L), followed by 24-hour 2% DSS + P110 (1.5 μmol/L). Live cells were imaged on the Leica DMI6000B Diskovery Flex spinning disk confocal microscope (Leica, Wetzlas Germany). Bone marrow--derived macrophages were seeded (2.5 × 10^5^) on sterile coverslips, treated as above, then fixed with 4% paraformaldehyde (PFA), immunolabeled with mouse monoclonal anti-Tom20 antibody (sc-17764; Santa Cruz Biotechnology), and visualized on an Olympus (Tokyo, Japan) spinning disk confocal microscope. The mitochondrial network was quantified for 20 epithelial cells and 50 macrophages/preparation as fused, intermediate, or fragmented morphology expressed as a percent of mitochondrial morphology.[@bib58]

### Mitochondrial bioenergetics {#sec4.9.4}

Real-time, continuous assessment of oxidative phosphorylation (OXPHOS) in permeabilized IEC 4.1 cells was performed by using the Oxygraph-2k C-series (Oroboros Instruments, Innsbruck, Austria) according to the substrate inhibitor uncoupler titration protocol-002 with modifications to digitonin and carbonyl cyanide p-(trifluoromethoxy) phenylhydrazone titration protocol (<http://wiki.oroboros.at/index.php/SUIT-002>).[@bib59] Cells (1.5 × 10^6^) were seeded in 100 × 20 mm culture dishes for 24 hours, followed by 24-hour exposure to 2% DSS ± P110 (1.5 μmol/L). Cells (1 × 10^6^/mL) were resuspended in mitochondrial respiration medium (MiR05) containing 0.5 mmol/L EGTA, 3 mmol/L MgCl~2~.6H~2~O, 20 mmol/L taurine, 10 mmol/L KH~2~P0~4~, 20 mmol/L HEPES, 1 g/L bovine serum albumin, 60 mmol/L potassium-lactobionate, and 110 mmol/L sucrose, pH 7.1. On completion of the analysis, cells were collected from the chambers and counted for normalization of oxygen-specific flux. Mitochondrial exclusive respiration was identified by subtracting oxygen consumption in the presence of rotenone (0.5 μmol/L) and antimycin A (2.5 μmol/L). An additional set of experiments was performed to examine butyrate oxidation in the presence of adenosine diphosphate (5 mmol/L), sodium butyrate (2 mmol/L), and malate (400 mmol/L) ([Figure 10](#fig10){ref-type="fig"}).Figure 10**Representative tracings of modified SUIT-002 protocol for analysis of mitochondrial respiration in the murine IEC 4.1 epithelial cell line treated with DSS (2%) ± P110 (1.5 μmol/L).** Protocol begins with (*A*) and continues in (*B*). Order of substrate addition and specific points of measurement when metabolic pathways are complexes were saturated with substrates are shown (<http://www.bioblast> at/index.php/categories_of_SUIT_protocols for additional information). FAO, fatty acid oxidation; Max, maximum oxidative phosphorylation; non-mito, non-mitochondrial respiration.

### Permeability {#sec4.9.5}

The human colonic T84 epithelial cell line was cultured on 0.4 μm porous filter supports until electrically confluent at ≥1000 Ω^**.**^cm.[@bib6] Monolayers were then exposed to 2% DSS (apical side) ± P110, and 24 hours later, epithelial barrier function was assessed by measuring TER with a voltmeter and paired electrodes[@bib6] (Millipore Sigma, Burlington, MS). Other monolayers were treated with DSS + Z-VAD (20 μmol/L, a pan-caspase inhibitor, Cayman Chemical Co, Ann Arbor, MI.).

Cytokine Production {#sec4.10}
-------------------

Bone marrow--derived macrophages or IEC 4.1 epithelial cells (2.5 × 10^5^) were treated with 1% or 2% DSS or LPS (10 ng/mL) ± 30-minute pretreatment with P110 (1.5 μmol/L),[@bib25] Mdivi1 (5 μmol/L),[@bib60] or leflunomide (50 μmol/L).[@bib36] Twenty-four hours later, culture supernatants were collected, and TNFα, IL10 (macrophages), and keratinocyte chemoattractant (KC or CXCL1) (epithelium) were measured by enzyme-linked immunosorbent assay (R&D Systems Inc).

Statistical Analysis {#sec4.11}
--------------------

Data are presented as means ± standard error of the mean, where individual dots represent a single mouse. Data are often pooled from multiple experiments, the number of which is defined in the figure legends. For 2-group comparisons, the Student *t* test was applied. Multiple group comparisons of parametric data were by one-way analysis of variance, and when *P* \< .05, this was followed by Tukey test or Dunnett multiple comparison test. For nonparametric data, the Kruskal-Wallis test was applied, followed by Dunn test for comparisons to 1 group or Tukey multiple comparison test. A statistically significant difference was accepted when *P* \< .05. All analyses were performed with Graph-Pad Prism 6 (GraphPad Software, La Jolla, CA).
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[^3]: *P* \< .05 compared with controls.

[^4]: NOTE. The murine small intestinal IEC 4.1 epithelial cell line and M-CSF differentiated murine bone marrow--derived macrophages (2.5 × 10^5^) were stimulated for 24 hours, supernatants were collected, and cytokines were measured by enzyme-linked immunosorbent assay. Data are mean ± standard error of the mean pg/mL with n = 4 and 6 for 1% and 2% DSS, respectively. P110 binds to Fis1 to block mitochondria fission; Mdivi1 inhibits GTPase activity of Drp1 to block mitochondrial fission; leflunomide promotes mitochondria fusion.

[^5]: bd, below detection limit; KC, keratinocyte chemoattractant; nd, not determined.

[^6]: *P* \< .05 compared with 1% DSS only.
